Carrier recombination at the Si(100) c4 2 surface and the underlying surface electronic structure is unraveled by a combination of two-photon photoemission and many-body perturbation theory: An electron excited to the silicon conduction band by a femtosecond infrared laser pulse scatters within 220 ps to the unoccupied surface band, needs 1.5 ps to jump to the band bottom via emission of optical phonons, and finally relaxes within 5 ps with an excited hole in the occupied surface band to form an exciton living for nanoseconds. DOI: 10.1103/PhysRevLett.92.126801 PACS numbers: 73.20.At, 79.60.Bm, 79.60.Dp, 79.60.Ht Carrier dynamics in silicon is of both fundamental and technological importance. Equally relevant as the knowledge of the bulk electronic properties is the understanding of electron dynamics at interfaces [1] . Because of the continuing miniaturization, coupling of bulk electrons to surface and interface states begins to dominate electron recombination and ultimately affects device performance [2] . The underlying electron-transfer processes occur on a (sub)picosecond time scale and can be studied by following the electron dynamics after short-pulse laser excitation [1, 3] . Identification of the individual processes of carrier scattering, trapping, and recombination requires detailed knowledge of the surface electronic structure [4] . The necessary comprehensive information of momentum, energy, and lifetime of excited electrons can be obtained by means of angle-, energy-, and time-resolved two-photon photoemission spectroscopy (2PPE) [1, 5] .
Carrier dynamics in silicon is of both fundamental and technological importance. Equally relevant as the knowledge of the bulk electronic properties is the understanding of electron dynamics at interfaces [1] . Because of the continuing miniaturization, coupling of bulk electrons to surface and interface states begins to dominate electron recombination and ultimately affects device performance [2] . The underlying electron-transfer processes occur on a (sub)picosecond time scale and can be studied by following the electron dynamics after short-pulse laser excitation [1, 3] . Identification of the individual processes of carrier scattering, trapping, and recombination requires detailed knowledge of the surface electronic structure [4] . The necessary comprehensive information of momentum, energy, and lifetime of excited electrons can be obtained by means of angle-, energy-, and time-resolved two-photon photoemission spectroscopy (2PPE) [1, 5] .
Combining this experimental approach with manybody perturbation theory [6] , we here elucidate the dynamics of excited electronic states at the Si(100) surface, the foremost template of semiconductor-device fabrication. We demonstrate that recombination of hot carriers at the surface is ruled by picosecond relaxation of excited electron-hole pairs, resulting in the formation of an exciton which lives for nanoseconds.
The technological importance of Si(100) encouraged a multitude of basic research work [7] . By now there is general agreement that the lower-coordinated atoms at the surface rebond to buckled dimers. Ab initio theory predicts a c4 2 stacking of dimers [8] . This structure is observed below 200 K in low-energy electron diffraction (LEED) [9] and predominates scanning tunneling topographs [10] . Concomitant to the dimer tilt, the dangling-bond states split to form semiconducting surface bands [11] . For the c4 2 stacking with two dimers per unit cell, theory predicts bonding and antibonding combinations of the occupied (D 0 up and D up ) and unoccupied (D down and D 0 down ) dangling-bond bands (see schematics in Fig. 1 ). 2PPE probes these states within one experiment and thus bridges the reference-level problem [12] which occurs when calibrating photoemission [13] to inverse photoemission [14] data. Short (100 fs) infrared (IR, h) and frequency-tripled ultraviolet (UV, 3h) pulses of a tunable Ti:sapphire oscillator are combined to lift electrons above the vacuum level E vac . Occupied states are probed in a single process by absorption of two photons (IR UV) while the dynamics of unoccupied states can be studied in a pump-probe sequence (variable delay T d between IR UV). The individual photon energies are chosen below the Si(100) ionization energy E vac ÿ E VBM 5:40 0:06 eV [12] . Photoelectrons are detected after a hemispherical energy analyzer with an energy and angular resolution of 40 meV and 0:5 , respectively [12] .
A set of angle-resolved 2PPE spectra typical for overlapping pump (h 1:69 eV) and probe pulses (h 5:07 eV) is shown in Fig. 1 . Measurements were performed at a pressure of 2 10 ÿ11 mbar and 90 K, where the Si(100) surface (2 10 ÿ15 cm ÿ3 boron-doped) exhibited a sharp c4 2 LEED pattern. The kinetic-energy scale refers to the vacuum level of the Si surface fixed by the low-energy cutoff at normal emission (# 0 ). Transitions were assigned by tuning the IR photon energy (h 1:47-1:69 eV) and tracing kinetic energy at # 0 [12] . The surface band gap E surf gap D down ÿ D up amounts to 0:81 0:06 eV. For the double-domain Si(100) surface, the k k dispersion of the dangling-bond states is sampled off normal (# Þ 0) simultaneously along the dimer chain ÿY 0 and along the dimer bond ÿJ. The spectra in Fig. 1 reveal flat and strongly upward shifting branches of the D down band merging at ÿ# 0 .
The measured dispersion is shown in Fig. 2 along with a GW calculation [6] of the surface quasiparticle band structure [15] . Theory implements many-body exchange and correlation effects among the electrons in terms of a dynamical self-energy [11] . The final and intermediate states of 2PPE (hole in D up and electron in D down ) are accurately described and the surface band gap is reproduced within 0.1 eV. The assignment of the D down state is based on the pronounced dispersion along the dimer chain (ÿY 0 ) and the flatband perpendicular to the latter (ÿJ). For h 1:69 eV and k k ' ÿ0:11 A ÿ1 , the surfaceinterband transition D 0 up ! D down (vertical arrow) becomes sizable as seen by the enhancement of the dispersing D down branch around # 16
in Fig. 1 . At larger momenta jk k j, the measured dispersion in Fig. 2 follows the occupied D 0 up band (solid circles) but not the unoccupied D down band (open circles). This suggests that the 2PPE signal is dominated by interband transitions between surface states. Corroborating, we find a resonant transition between the occupied D up band and an unoccupied image-potential-like surface state at an IR photon energy of 1.61 eV. As a consequence of this coupling, the measured dispersion depends on the chosen photon energy. Data for the D up band shown in Fig. 2 have been obtained far below resonance, i.e., for photon energies where the dependence of the D up kinetic energy on photon energy, measured for normal emission, proves that we probe the D up band. Consequently, the energy at ÿ and thus the surface band gap is well defined. The deviation between experimental and calculated D up dispersion is attributed to the degeneracy of the D up band with bulk states which complicates definite separation in the GW calculation [11] .
Until now, we have assigned the transitions expected for single-particle excitation processes. In addition, the spectra in Fig. 1 reveal intensity at the low-energy cutoff C and a nearly nondispersing peak X 130 meV below the D down band. C and X correspond to long-lived surface excitations. This is reasoned by 2PPE measurements applying UV laser pulses for both the pump and the probe processes. While a pure 2PPE signal scales with the laser intensity squared I 2 , conventional photoemission (1PPE) scales with I. The exponent of I shown in the top panel of Fig. 1 was determined changing laser power by 2 orders of magnitude (0.1-12.0 mW). In the energy range of C and X, we find 1 < < 2, i.e., both 1PPE and 2PPE processes contribute to the signal [16] . Hence, it has to stem from partially occupied states located in the band gap below the D down band (see Fig. 2 ). As shown in Fig. 1, varying I , the kinetic energy of the low-energy cutoff remains constant for p-doped Si(100), and we conclude that surface band bending is negligible (50 meV). Since the surface Fermi level E F 0:09 0:06 eV follows doping and temperature, thermal occupation of C and X is ruled out at 90 K and emission has to originate from UV ionization of long-lived unoccupied intermediate states.
The latter become in part stationary populated due to the high repetition rate of the laser (76 MHz). States in the band gap with weak or negligible dispersion, i.e., a hint to charge localization, are usually attributed to surface defects [17] . Adsorption of activated hydrogen or sputtering-annealing cycles support this assignment for 2.0 
, and (3) indicate intraband decay, exciton formation, and surface recombination.
tail C, but not for peak X. The latter parallels the behavior of the D down state, i.e., gradually loses intensity with H exposure and degrading surface quality. We conclude that, while X is without doubt a surface feature, it is neither a dangling-bond state nor associated with defects. Including electron-hole interaction effects in the many-body theory [6] suggests that X corresponds to emission of an electron out of a bound surface exciton state formed between a hole in the D up band and an electron in the D down band. We note that the surface exciton is a bound state due to the attractive electronhole interaction. Prior to the breakup of the exciton, the total energy of the system is E E 0 X h, where E 0 is the ground-state energy and X is the excitation energy of the correlated electron-hole pair described by a linear combination of suitable electron states and hole states. To a good approximation X is given by E surf gap ÿ E X bind , where E X bind is the exciton binding energy. After the photoemission event, the total energy of the system distributes as E 0 ÿ hE hole i E kin , where hE hole i is the energy of the remaining hole state and E kin the kinetic energy of the outgoing electron. Energy conservation yields E kin hE hole i X h ' hE hole i E surf gap ÿ E X bind h. These simple arguments show that, when the electron is excited from the surface exciton in the second photoemission step, the corresponding energy position in the 2PPE spectrum lies below the electron band D down hE hole i E surf gap at ÿ, by an amount given by the exciton binding energy E X bind . Our calculated binding energy of 100 meV is in good agreement with the measured difference of 130 meV between X and D down at ÿ. Furthermore, the dispersion is mostly determined by the single-particle dispersion of the remaining hole state hE hole i and thus flat in all directions.
The established description of the electronic structure puts us now in a position to follow electron dynamics at the center of the surface Brillouin zone of Si(100) (including the conduction band minimum) and point out the role of the exciton X in carrier recombination. To facilitate the discussion, the individual dynamical processes (1) population buildup in the D down band, (2) exciton formation, (3) surface recombination, and their time scales are indicated in Fig. 2 . The underlying timeresolved measurements for the D down band and state X are shown in Fig. 3 . The Si(100) surface is excited by IR light and the time-dependent population is probed by the UV pulse at given delay.
(1) The population buildup at the bottom of the D down band is highlighted on an enlarged time scale in the inset of Fig. 3(a) . The D down signal increases up to a time delay of 1:5 0:2 ps. As seen by the comparison with the cross-correlation trace (a measure of the pulse duration), the signal rise does not follow the IR excitation pulse. After 1.5 ps, the IR pump pulse is long gone; thus, population of the band bottom has to be indirect. We have seen that the D down band is primarily populated via resonant interband absorption at k k ' ÿ0:11 A ÿ1 (vertical arrow in Fig. 2 ). From there electrons relax downwards to the band bottom at k k 0 as revealed by the time-resolved spectra in Fig. 3(b) , which were recorded for momenta along the strongly dispersing branch of the D down band. Above the band bottom, we observe both a rapid increase and a rapid decay of the timeresolved signal. The shift of the peak maximum with respect to the cross-correlation trace is used to estimate the intraband-scattering time intra [18] . It decreases with increasing excess energy E above the band bottom from 0.4 ps at E 0:1 eV to 0.2 ps at E 0:35 eV [ Fig. 3(c) ]. Above E 0:35 eV, we find a sharp decrease of intra which reflects the resonant interband excitation D 0 up ! D down and the increased sampling of the occupied D 0 up band at larger momenta (cf. Fig. 2 ). With intra 0:2-0:4 ps, we estimate that an electron with an excess energy of 350 60 meV makes within 1.5 ps about five jumps to reach the bottom of the D down band. The energy transfer per scattering event is thus E=5 70 20 meV. Since intraband scattering requires small momentum transfer (cf. Fig. 2) , we conclude that carrier relaxation in the surface band is mediated by deformation-potential scattering causing optical-phonon emission. Involvement of optical-surface phonons, i.e., the dimer stretching vibration (E vib 60 meV) [19] is likely, since electron excitation from D 0 up to D down bands will weaken the dimer bond. In step (1) , resonant excitation of the D down state at k k ' ÿ0:11 A ÿ1 and successive rapid intraband scattering leads to a population of the band bottom within 1.5 ps. This time span, usually denoted as energy-relaxation time, is about 5 times larger than for bulk silicon [3] . The subsequent dynamics is involved. At ÿ, the D down signal decays biexponentially with time constants of 7:5 3:5 ps and 220 30 ps, respectively.
(2) The increase of signal X in 5 2:5 ps is almost equal to the shorter time scale of the decrease of the D down signal [ Fig. 3(a) ]. We therefore conclude that nearly all excited electrons which reach the bottom of the D down band get finally trapped in state X; exciton formation is the dominant surface decay channel. The excitation energy of X amounts to about 0.5 eV, which is much smaller than the photon energy of 1.69 eV of the initial excitation step. Thus, before an exciton can form, excited electrons and excited holes need to relax via phonon emission towards the band edges. As shown above, energy relaxation within surface bands, step (1), occurs within 1.5 ps. Carrier relaxation, step (2) , involves an energy difference of 130 meV and thus requires simultaneous emission of at least two phonons. We believe that this is the reason why X is observed only after a relaxation time of about 5 ps. The excitonic state does not decay on the accessed picosecond time scale. We estimate a lifetime of about 80 ns from the intensity ratio between positive and negative delays in Fig. 3(a) and the laser repetition rate of 1=13 ns.
(3) The decay of the D down signal with the longer time constant of 220 ps cannot originate from exciton formation since the latter is about 40 times faster. We argue that the 220 ps rather reflect the lifetime of bulk electrons. It is known that electrons excited to the conduction bands rapidly relax to the band minimum [3] . From there bulk electrons can scatter to the unoccupied D down surface band, an easily accessible relaxation channel. Since subsequent intraband relaxation, step (1) , is rapid, electrons are first detected at the bottom of the D down band; we find a biexponentially decaying signal in Fig. 3(a) but not in Fig. 3(b) . If so, surface recombination at 90 K occurs on the considerable time scale of 220 ps. Assuming that bulk electrons are trapped within a distance of 5
A to the surface [1] , a reasonable surface-recombination velocity v rec 2:3 10 2 cm=s is obtained [3] . The subsequent decay dynamics at the surface is set by exciton formation.
In conclusion, carrier trapping and recombination at the Si(100) c4 2 surface involve subtle scattering processes. The basis to unravel their dynamics was a detailed understanding of the surface electronic structure. The observed time constants span from femtoseconds to nanoseconds. Following rapid intraband decay, bulk electrons scatter into surface states and finally relax in a longlived surface exciton.
